Despite the fact that the cannabinoid receptor type 1 (CB1R) plays a pivotal role in emotional memory processing in different regions of the brain, its function in the retrosplenial cortex (RSC) remains unknown. Here, using contextual fear conditioning in rats, we showed that a post-training intra-RSC infusion of the CB1R antagonist AM251 impaired, and the agonist CP55940 improved, long-term memory consolidation. Additionally, a post-reactivation infusion of AM251 enhanced memory reconsolidation, while CP55940 had the opposite effect. Finally, AM251 blocked extinction, whereas CP55940 facilitated it and maintained memory extinguished over time. Altogether, our data strongly suggest that the cannabinoid system of the RSC modulates emotional memory.
Memory consolidation is a time-dependent process through which newly acquired information is stored, even being able to becomestrengthenedor weakened (Izquierdo et al.1998; McGaugh 2000; Kandel 2001) . During reconsolidation, memories may return to a transitory labile state sensitive to modifications (Nader et al. 2000; Haubrich et al. 2015) , and it happens when the animal is reexposed briefly to the training environment. If this exposure takes longer in the absence of the unconditioned stimulus, extinction takes place, resulting in a new learning that is temporarily effective in inhibiting the conditioned response (Pavlov 1927; Quirk and Mueller 2008) .
Endocannabinoids are retrograde messengers that control ion channel activity and neurotransmitter release (Katona et al. 1999 (Katona et al. , 2006 Ohno-Shosaku et al. 2001; Wilson and Nicoll 2001; Piomelli 2003) , being critical to modulate both long-term potentiation (LTP) and long-term depression (LTD) (Wilson and Nicoll 2001; Brenowitz and Regehr 2005; Chevaleyre et al. 2006 Chevaleyre et al. , 2007 Berghuis et al. 2007; Heifets and Castillo 2009; Katona and Freund 2012) . In addition, CB1R-mediated signaling in both basolateral amygdala and dorsal hippocampus directly interacts with glucocorticoid receptors, indicating that these interactions are necessary for arousing-related experiences (Campolongo et al. 2009; Hill and McEwen 2009; Hill et al. 2010; De Oliveira Alvares et al. 2010) .
The human posterior cingulate cortex (PCC) is involved in emotion processing (Maddock 1999) , prospective thinking, and in memorizing spatial and autobiographical information (Vann et al. 2009 ). The PCC has no counterpart to Brodmann areas (BA) 23 and 31 in the rat brain. Therefore, in the rat, the entire region is called the retrosplenial cortex (RSC), which is, in humans, designated only to the most caudal, not the neocortical, part of PCC (BA 29 and 30) (Maddock 1999) . The rat RSC is a very integrative area, since (a) it intermediates many signals between the hippocampal formation, thalamic regions, and the prefrontal cortex, (b) receiving information from neocortical visual, auditory, and motor areas (Hedberg and Stanton 1995; Maddock 1999; Vann et al. 2009 ). For these reasons, it is not surprising that it is involved in emotional and spatial memory processing in both humans and rodents (Maddock 1999; Mello e Souza et al. 1999; Souza et al. 2002; Vogt et al. 2000; Vann et al. 2009; Corcoran et al. 2011; Katche et al. 2013a,b; Czajkowski et al. 2014) .
The resulting effects of local or systemic pharmacological manipulations of CB1R in different fear-related tasks in rodents is well described in the hippocampus (De Oliveira Alvares et al. 2005) , basolateral amygdala (Marsicano et al. 2002; Lin et al. 2006; Campolongo et al. 2009) , and prefrontal cortex (Morena et al. 2014) , three brain structures associated with the modulation of long-term memories. Also, previous findings from our group have shown that, at cellular and behavioral levels, blocking CB1R with the selective antagonist AM251 (a) inhibits the induction of hippocampal LTP, and (b) cause retrograde amnesia if applied immediately post-training in different Pavlovian paradigms (De Oliveira Alvares et al. 2005 , 2008a .
Despite the fact that in the last decades many important contributions have provided a comprehensive understanding about the specific functions of endocannabinoids on memory-related plasticity throughout the brain, the role of the cannabinoid system in the rodent RSC on memory paradigms was unknown. In the present study we explored whether memory consolidation, reconsolidation, and extinction were dependent on cannabinoidmediated signaling in the RSC.
Male Wistar rats (3 mo old, 300-350 g) acquired from Centro de Reprodução e Experimentação de Animais de Laborató rio of the Universidade Federal do Rio Grande do Sul were implanted bilaterally with guide cannulae aimed 1 mm above the RSC (AP 25.8 mm, ML + 0.6 mm, and DV 21.2 mm taken from dura, Fig. 1A ), the same as reported previously by Mello e Souza (1999) . Animals were infused intra-RSC with the cannabinoid agonist CP55940 (5 mg/mL), the selective antagonist of CB1R AM251 (11 mg/mL), or their vehicles (PBS containing DMSO 8%) at different time points, depending on the experiment. The drug concentrations were chosen accordingly to previous results (De Oliveira Alvares et al. 2005) and unpublished data from our group. All drugs were infused at a slow rate of 20 mL/h with the dose adjusted at 0.5 mL/side. The conditioning chamber consisted of an illuminated Plexigas box (25 × 25 × 25 cm 3 ) with a metallic grid floor of parallel 1-cm caliber stainless steel bars spaced 1-cm apart. During training sessions, rats were carefully placed in the chamber for 3 min and received two mild footshocks (0.5 mA, 2 sec) separated by a 30-sec interval; after that, they remained for an additional 30 sec before being placed back into their home cages. For training, reactivation, and test sessions, we used a 4-min reexposure, except during the extinction protocol, where a 30-min reexposure was used. After each rat, the chamber was cleaned with a paper soaked with 70% ethanol solution. Freezing levels (the absence of movement except for respiration) was measured by a trained researcher blind to experimental conditions. Data were analyzed by independent t-test, one-way or repeated-measures ANOVA, followed by Newman -Keuls (NK) post hoc test whenever necessary. P , 0.05 indicates statistical significance. Verification of cannula placement was made from coronal sections of the RSC using a vibratome and standard histological techniques (details in Mello e Souza et al. 1999) . Only rats with correct cannulae placement were considered in the final statistical analysis.
The RSC is divided into two parts, granular and dysgranular, which are different in their inputs and outputs (Wyss and Sripanidkulchai 1984; Vann et al. 2009 ). In previous studies, the coordinates were slightly more ventral, infusions into which were more restricted to the granular cortex (Mello e Souza et al. 1999; Souza et al. 2002) . In the present study, both parts were reached by our infusions, but not neighboring regions, such as the hippocampal formation (Fig. 1A) . Therefore, we can analyze our results by considering the interaction of the RSC as a whole with other brain structures.
It is well known that the RSC interacts with the hippocampal formation through robust reciprocal connections with the subiculum, presubiculum, and parasubiculum (Vann et al. 2009 ). The RSC also projects to the entorhinal cortex (Wyss and Van Groen 1992) , another region functionally linked to the hippocampus. Previous results have already shown its involvement in emotional (Mello e Souza et al. 1999; Souza et al. 2002; Corcoran et al. 2011; Katche et al. 2013a,b) and spatial memory modulation (Czajkowski et al. 2014) . This is the first study to show that cannabinoid receptors in the RSC may modulate aversive memory. It is very difficult to not link this result to the fact that the RSC strongly interacts with the hippocampal formation and several other memory-related structures (Hedberg and Stanton 1995; Maddock 1999; Vann et al. 2009 ). In fact, the RSC has a strategic position intermediating signals between the hippocampal formation and neocortex (Cooper and Mizumori 2001; Vann et al. 2009 ). Nonetheless, further studies are necessary to clarify how these interactions are affected by the procedures carried out in the present study. It is worth to point out that there are CB1R in the RSC (Tsou et al. 1998; Moldrich and Wenger 2000) .
In order to explore the involvement of CB1R activity in the RSC on contextual fear long-term consolidation, rats were randomly assigned to three groups and, immediately post-training, infused intra-RSC with AM251, CP55940, or its vehicle. Freezing behavior was assessed 2 d later during a drug-free 4-min test session. As shown in Figure 1B , there was a significant difference between groups as revealed by one-way ANOVA (F (2,16) ¼ 14.54; P ¼ 0.0003). CP55940-and AM251-treated animals showed higher and lower freezing levels than controls, respectively (NK test, P ¼ 0.0098 and 0.0196, respectively). These results strongly suggest that the activation of the cannabinoid receptors in the RSC strengthens consolidation of contextual fear memory.
Memory consolidation is a time-dependent process through which newly acquired information is stored (Izquierdo et al. 1998; McGaugh 2000; Kandel 2001 ). RSC activity is strongly related to the consolidation and maintenance of spatial (Czajkowski et al. 2014 ) and aversive memories (Mello e Souza et al. 1999; Souza et al. 2002; Corcoran et al. 2011; Katche et al. 2013a,b) . Our results strongly suggest that the cannabinoid receptors activation in the RSC improves contextual fear memory consolidation, since the agonist CP55940 increased freezing levels while the antagonist AM251 was amnestic. The same responses are found when cannabinoid drugs are infused into the hippocampus (De Oliveira Alvares et al. 2005 . Therefore, both systems have a similar modulatory role in memory consolidation. However, the mechanisms underlying this modulation in both structures remain to be elucidated.
Next, we investigate the role of the cannabinoid system of the RSC on memory reconsolidation (Fig. 2) . To do this, rats were briefly reexposed to the original context 2 d later to reactivate the established long-term memory, and immediately postreactivation, each subject was bilaterally infused with CP55940, AM251, or its vehicle. A drug-free 4-min test for memory retention was carried out 24 h after reactivation. There was a between-group difference in the test session (one-way ANOVA, F (2,29) ¼ 17.61; P , 0.0001), but not in the reactivation session (one-way ANOVA, F (2,29) ¼ 0.89; P ¼ 0.4205). Testing freezing levels were higher in the AM251-treated animals and lower in the CP55940-treated group relative to controls (P ¼ 0.0001 and 0.0080, respectively; NK post hoc test), indicating a facilitatory and a disruptive effect on reconsolidation, respectively. Altogether, these results show that CB1Rs negatively modulate contextual fear memory reconsolidation.
During reconsolidation, memories can return to a transitory labile state that is sensitive to modifications (Nader et al. 2000; Haubrich et al. 2015 ). Since we found that AM251 increased freezing levels while the CP55940 was amnestic when administered immediately after memory reactivation, we suggest that RSC-CB1Rs inhibit contextual fear memory reconsolidation. Indeed, when administered into the hippocampus, AM251 also enhances the freezing response in this paradigm (De Oliveira Alvares et al. 2008b ). Additionally, when infused into the amygdala, the cannabinoid receptor agonist WIN blocks fear memory reconsolidation (Lin et al. 2006) , the same effect found here using CP55940. All of these results indicate that endocannabinoids exert their actions with similar patterns in different brain regions. One possible mechanism is that CB1Rs act on the inhibitory neurotransmission, as observed in the amygdala ). However, the mechanisms underlying the effects of the cannabinoid receptors in the RSC on memory reconsolidation remain to be clarified in further studies. It is possible that the memory effects reported here are mediated by CB1R localized on both inhibitory interneurons and glutamatergic axon terminals. Nevertheless, we cannot dissect the role of CB1R in different neuronal populations with our pharmacological tools. It is also important to mention that these opposite effects on memory consolidation and reconsolidation also occur when glucocorticoid receptors are activated (Wang et al. 2008; De Oliveira Alvares et al. 2010 ). Interestingly, stress triggers an increase of endocannabinoids in the central nervous system (Hohmann et al. 2005) , and this might happen in the RSC during memory consolidation and reconsolidation.
In order to evaluate the involvement of the cannabinoid system upon memory extinction, fear-conditioned rats were bilaterally infused intra-RSC 20 min before the extinction session. Freezing levels during extinction session and retention tests are shown in Figure 3 . In the first and last 4 min of the 30-min extinction session, there were differences indicated by repeatedmeasures ANOVA (main group effect, F (2,24) ¼ 8.01; P ¼ 0.0022; main time effect, F (1,24) ¼ 134.00, P , 0.0001; two-way interaction, F (2,24) ¼ 4.37, P ¼ 0.0242). CP55940-treated group showed lower freezing levels than controls and AM251-treated animals in both periods combined (NK post hoc test, P , 0.01), as well as in the beginning of the session alone (NK post hoc test, P , 0.001). This indicates that (a) CP55940 impairs memory expression (alternatively, it might also indicate that CP55940 increases short-term extinction or acute fear adaptation), and (b) all groups showed lower freezing levels in the end of the session (P , 0.01, NK post hoc test), indicating that extinction occurred in all groups.
In the first drug-free test session carried out 24 h after the extinction training, there was a between-group difference (one-way ANOVA F (2,24) ¼ 4.38; P ¼ 0.0239). AM251-treated group showed higher freezing levels than controls and CP55940-treated animals (P , 0.05, NK post hoc test), indicating that AM251 impairs extinction. In the second test that was carried out 2 wk later and was used to assess spontaneous recovery, there was also a between-group difference (one-way ANOVA, F (2,19) ¼ 12.03; P , 0.0004). CP55940-treated animals maintained the lower freezing levels presented in the first test compared with controls and AM251-treated animals (P , 0.01, NK post hoc test). This indicates that the agonist CP55940 prevents spontaneous recovery (i.e., maintaining memory extinguished over time).
One could argue that the absence of spontaneous recovery in the CP55940 may indicate that it impaired reconsolidation rather than extinction. To rule out this possibility, another cohort of animals was fear-conditioned and exposed to a 30-min extinction session. Then, animals were bilaterally infused intra-RSC with either CP55940 or vehicle 20 min before the extinction session. One day later, they were subjected to reinstatement (a single 0.5-mA footshock in a different environment, according to Haubrich et al. 2015) . In the following day, they were tested (Fig. 3D) .
In the first and last 4 min of the 30-min extinction session, there were differences indicated by repeated-measures ANOVA (main group effect, F (1,11) ¼ 6.306; P ¼ 0.028; main time effect, F (1,11) ¼ 36.11, P , 0.0001; interaction, F (1,11) ¼ 4.89, P ¼ 0.049), as follows: (a) CP55940-treated animals showed lower freezing levels than controls in both periods combined (NK post hoc test, P ¼ 0.02), as well as in the beginning of the session alone (NK post hoc test, P ¼ 0.021). No difference was shown in the first test (t (11) ¼ 1.466; P ¼ 0.17) and in the reinstatement test (t (11) ¼ 1.85; P ¼ 0.09; independent t-test). Thus, the recovery of fear memory after reinstatement indicates that the effects followed a 30-min reexposure session is mediated by memory extinction. Taken together, our data showed that CB1R-mediated signaling in the RSC plays an important role in fear memory extinction.
The extinction of a CS-US association is a form of new learning that inhibits conditioned fear responses (Pavlov 1927; Quirk and Mueller 2008) . However, extinction may fail to permanently suppress fear memory due to reinstatement, spontaneous recovery, and rapid reacquisition (Bouton et al. 2006) . It is wellestablished that CB1Rs play a pivotal role in memory extinction, at least in the amygdala and the hippocampus (Marsicano et al. 2002; Chhatwal et al. 2005; Pamplona et al. 2006; Lutz 2007; De Oliveira Alvares et al. 2008b ). Recently, two important studies showed the involvement of the RSC in memory extinction (Corcoran et al. 2013; Kwapis et al. 2014 ). Here, we have shown that the cannabinoid system of the RSC is strongly engaged in this process. When the CB1R-mediated activity was blocked, consolidation of extinction was impaired, since the AM251-treated group showed higher freezing levels when tested 24 h later, but showed similar freezing levels during extinction session. Fourteen days later, when spontaneous recovery was evaluated, CP55940-treated group prevented this response by maintaining memory extinguished. Therefore, the consolidation of extinction requires cannabinoid receptor activation in the RSC.
In humans, trauma-related stimuli cause a higher activation of the RSC in patients diagnosed with post-traumatic stress disorder (PTSD) than in controls (Sartory et al. 2013) . Therefore, based on our results, the requirement of the CB1R-dependent activity in the RSC during emotional memory processing may be taken into account when searching putative treatments for PTSD or other incapacitating psychopathologies in which aversive memories are maladaptive.
In summary, the present study shows for the first time that the cannabinoid system in the RSC modulates contextual fear memory consolidation, reconsolidation, and extinction. This modulation is the same of that promoted by hippocampal CB1Rs, suggesting that there may be a general modulatory function of the endocannabinoid system in emotional memory processing.
